Powder metallurgy (P/M) .5C alloys (all compositions are in atomic percent) were produced by hot extrusion of gas-atomized powders to study the effect of carbon addition on microstructure, tensile properties and wear behavior of FeAl. Precipitation of soft graphite phase was observed in the carbon-added alloy. Tensile tests showed that the addition of carbon slightly increased yield strength at temperatures below 800 K, but significantly improved ductility, especially at elevated temperatures. The improvement in ductility was considered to be mainly due to the grain refinement in the carbon-added alloy. The wear behavior was studied by ball-on-disk sliding wear test. The carbon addition greatly improved the wear resistance of the Fe-40Al alloy at room temperature, but the effect was not significant at elevated temperatures. Examination of the worn surface and wear debris revealed that the improved wear resistance of the carbon-added alloy at room temperature was associated with the lubrication effect of graphite.
Introduction
FeAl based intermetallic alloys hold great potentials for structural applications due to their attractive combination of low cost, low density and excellent resistance to oxidation and sulphidation. 1, 2) However, commercialization of FeAl alloys has been restricted by the limited tensile ductility and impact toughness at ambient temperature as well as inadequate creep strength at elevated temperatures.
Recently, a number of investigators have examined the mechanical behavior of iron aluminides containing carbon. [3] [4] [5] [6] [7] [8] Baligidad et al. [3] [4] [5] have shown that the addition of 0.1 to 1.1 mass% carbon to Fe 3 Al alloys leads to significant improvements in ambient and elevated temperature strength, creep resistance, machinability and resistance to environmental embrittlement. These improvements were attributed to the formation of perovskite-based Fe 3 AlC 0.5 precipitates in the matrix, which imparts significant dispersion strengthening. Moreover, the Fe 3 AlC 0.5 precipitates may act as hydrogen traps, thus reducing the susceptibility to hydrogen embrittlement which has been believed to be a major cause for poor room temperature ductility of Fe 3 Al. 9) Beneficial effect of carbon on the room temperature ductility and impact toughness has also been reported in FeAl based alloys by Pang and Kumar. 6, 7) In a more recent study, Prakash and Sauthoff 8) demonstrated that the addition of carbon, whether in the form of carbide or graphite, improved the machinability of Fe-Al alloys. Despite the machinability improvement, however, the alloys still exhibited hydrogen embrittlement during tensile tests.
In an earlier study, 10) the room temperature tribological properties of high carbon Fe 3 Al and FeAl alloys produced by ingot metallurgy (IM) have been investigated by the present authors. It was shown that carbon addition has beneficial effect in improving the tribological properties of both Fe 3 Al and FeAl alloys. In the case of Fe 3 Al, the improvement can be attributed to the strengthening effect imparted by Fe 3 AlC 0.5 precipitates. The Fe 3 AlC 0.5 precipitates may inhibit the plastic deformation of surface layer and the subsequent material removal. However, this mechanism cannot explain the effect of carbon on tribological properties of FeAl alloy because the carbon addition leads to the formation of soft graphite in this alloy. The lubrication effect of graphite is considered to be responsible for the improved tribological properties observed in the carbon-added FeAl alloys, as in the case of cast iron. Our previous study 10) also showed that the improvement in tribological properties by carbon addition is more significant in FeAl than in Fe 3 Al, indicating that graphite is more effective than Fe 3 AlC 0.5 in improving the room temperature tribological properties of Fe-Al alloys.
The present study was performed to study the effect of carbon on mechanical and tribological properties of FeAl alloys processed by powder metallurgy (P/M). Towards this end, Fe40Al and Fe-40Al-3.5C alloys were produced by hot extrusion of gas-atomized powders. The tensile properties and sliding wear behavior of the alloys were investigated.
Experimental Procedure
The FeAl powders were prepared by a gas-atomization process with commercial purity Fe and Al bars and Fe-4 mass%C pellets as raw materials. The raw materials with nominal compositions of Fe-40Al and Fe-40Al-3.5C were induction-heated to approximately 1873 K under Ar protection and kept at the same temperature for 600 s for homogenization. The melted alloys were then atomized into fine powders using Ar gas at a pressure of 4.9 MPa. The collected powders were classified by ultrasonic sieving and only those smaller than 100 µm in size were used for consolidation.
Hot extrusion was used to consolidate the atomized powders into fully dense compacts. In this process, the gasatomized powders were vacuum-sealed into cylindrical mild steel cans, heated at 1273 K for 5.4 ks and then extruded into 13 mm diameter rod at a reduction ratio of 15:1. The extruded rods were stress-relieved by heating at 973 K for 3.6 ks in air. Chemical analysis showed that the compositions of the alloys were very close to the nominal ones, as listed in Table 1 . It was noted that the oxygen content of Fe-40Al-3.5C alloy was about two times that of Fe-40Al alloy.
Mechanical properties were evaluated by tensile tests. Cylindrical tensile specimens with threaded ends and gauge dimensions of 5 mm in diameter and 30 mm in length were prepared by electro-discharge machining with the tensile axis along the extrusion direction, followed by grinding and mechanical polishing. Tensile tests were performed in air from room temperature and 1073 K at an initial strain rate of 4 × 10 −4 s −1 . Tribological properties were evaluated by using a ball-ondisk type tribometer. Rectangular-shape specimens with dimensions of 20 mm × 20 mm × 5 mm were used as rotating disks. The surfaces of the specimens were ground to a roughness of 0.05 µm. Alumina balls were used as the counter material. The tests were conducted at a sliding speed of 0.1 m/s to a total distance of 100 m under a loading of 5 N. The wear rate was calculated by dividing the volume of wear scar by the load and the sliding distance.
Optical microscopy was employed to examine the microstructure of hot extruded alloys. The specimens were etched with a solution consisting of 33%HNO 3 , 33%CH 3 COOH, 3%H 2 O and 1%HF. The microstructure was further analyzed by X-ray diffraction (XRD) and electron probe microanalysis (EPMA). Scanning electron microscopy (SEM) was used to observe the fracture surfaces of tensile specimens as well as the worn surfaces and wear debris of worn specimens. Figure 1 shows optical micrographs of the hot extruded alloys. Both alloys appear to be fully consolidated and no distinct pores are observed. The grains are equiaxed in shape, Temperature, T / K Reduction in Area, suggesting the occurrence of dynamic recrystallization during hot extrusion. Extensive precipitation of blocky phase along the prior particle boundaries is observed in the carbon-added alloy. These precipitates were identified to be graphite by XRD analysis. This result is in agreement with the Fe-Al-C phase diagram determined by Palm and Inden. 11) In addition, the presence of oxide particles was also detected by EPMA in both alloys. Figure 2 presents tensile properties of the Fe-40Al and Fe40Al-3.5C alloys from room temperature to 1073 K. Both the alloys show the positive temperature dependence of yield strength in the temperature range of 473-873 K, followed by a rapid strength drop above 873 K. Compared with the Fe40Al alloy, the carbon-added alloy shows slightly higher yield strength below 800 K but lower yield strength at temperatures above 800 K (Fig. 2(a) ). Ductility as measured by the percentage elongation (Fig. 2(b) ) and reduction in area (Fig.  2(c) ) shows similar trend as a function of temperature, i.e., a nearly steady stage at lower temperature followed by a pronounced increase with temperature up to 873 K, then a rapid drop above 873 K. The pronounced increase in ductility in the vicinity of 673-773 K is an indication of the so-called ductile- 
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. Although the cavitation is also observed in the carbonadded alloy at 873 K (Fig. 4(b) ) and 1073 K (Fig. 4(d) ), the amount of cavitation is greatly reduced in comparison with that in the Fe-40Al alloy.
Wear behavior
The temperature dependence of wear rate of the Fe-40Al and Fe-40Al-3.5C alloys is shown in Fig. 5 . It can be seen that the room temperature wear rate of Fe-40Al alloy is reduced by the carbon addition. On the other hand, the bentails later. It is evident that the ductile-brittle transition temperature of Fe-40Al alloy is reduced by the carbon addition. The carbon addition also seems to give a beneficial effect on ductility, especially at higher temperatures. Figure 3 shows typical examples by SEM of the fracture surfaces of the specimens tested at room temperature, just and above the ductile-to-brittle transition temperature for both the alloys (i.e. at 873 and 1073 K). A transition from brittle intergranular fracture behavior at room temperature ( Fig. 3(a) ) to a mixture of transgranular and intergranular behavior at 873 K (Fig. 3(c) ), and mostly brittle intergranular again at 1073 K (Fig. 3(e) ) is clearly observed in Fe-40Al. However, the carbon-added alloy displays a mixture of intergranular and transgranular cleavage fracture at room temperature, typical dimple rupture feature at 873 K and mostly transgranular at 1073 K as illustrated in Figs. 3(b) , (d), and (f), respectively. The above results show that the carbon addition tends to shift the fracture mode of Fe-40Al alloy from intergranular to a mixture of intergranular and transgranular. Figure 4 presents optical micrographs of polished longitudinal sections of the alloys tested at 873 K and 1073 K. Failure by grain boundary cavitation appears to predominate for the Fe-40Al alloy. The density of cavities of the specimen tested at 873 K (Fig. 4(a) ) is lower than that of tested at 1073 K (Fig. brittle transition. The drop in ductility at higher temperatures is a very unique phenomenon, which will be discussed in de- bon addition on the room temperature ductility of Fe-40Al-0.6C alloy. They suggested that the carbides act as hydrogen traps and delay the arrival of critical amounts of hydrogen to the crack tip thereby delaying the embrittlement. Prakash and Sauthoff 8) also demonstrated recently that the addition of carbon has positive effect on the machinability of Fe-Al alloys, but it may not be necessarily followed by significant improvements in tensile elongation for the high carbon alloys. In the present work, no significant improvement was observed in the tensile ductility for the carbon -added alloy at room temperature, even though the fracture mode changed from intergranular to a mixture of intergranular and transgranular ones. This is considered to be due to the fact that the present alloy has a very high carbon content to result in the formation of graphite, which would embrittle the alloy intrinsically. Though low carbon addition might have beneficial effect on the environmental embrittlement as described by Pang and Kumar, 6) it may be overshadowed by the intrinsic brittleness of the graphite precipitates in the carbon-added alloy. On the other hand, the higher content of oxygen and the presence of oxides in the carbon-added alloy may have an adverse effect on ductility.
The failure of the carbon-added alloy at 873 K (Figs. 3(c) and (d)) was dimple-like, and the ductility of both the alloys reached to the maximum and pronounced necking occurred. Although the carbon addition did not strongly affect strength, its effect on ductility at higher temperatures was very significant. The improvement of ductility may be due to the refinement of grains, since the carbon-added alloy exhibits much finer grains than the Fe-40Al alloy (see Fig. 3 ). The benefidrogen, which is absorbed at the tip of a crack and promotes brittle fracture. 8, 12) Pang and Kumar 6) have reported the beneficial effect of car-
Discussion
Ductility and fracture behavior
Iron aluminides is known to suffer from severe environmental embrittlement when tested in moist air at ambient temperature. The poor ductility of FeAl in air has been interpreted in terms of hydrogen embrittlement as a result of reaction between H 2 O in the atmosphere and Al to form atomic hyeficial effect of carbon addition on wear is not observed at elevated temperatures. As compared with the Fe-40Al alloy, the carbon-added alloy exhibits a slightly higher wear rate at 573 K, and an almost identical wear rate at 773 K. Figure 6 shows SEM pictures of the worn surfaces of the specimens tested at room temperature and 773 K. Deep grooves are observed in the Fe-40Al alloy tested at room temperature, while the worn surface appears smooth with some cracking for the carbon-added alloy. However, there is no significant difference between the worn surfaces of the two alloys tested at 773 K. Thin surface platelets and trace of their detachment are seen in both the alloys. Figure 7 shows SEM pictures of the wear debris of specimens tested at room temperature and 773 K. The morphology of the debris is independent of carbon content but distinctly depends upon testing temperature. The debris is in the form of fine powder at room temperature, but changed to platelets as temperature increases.
cial effect of grain refinement has been long believed to result from the reduction of stress concentrations that are required to nucleate and propagate cleavage cracks.
It is of great interest to note that, at temperature above 873 K, for example at 1073 K (Figs. 3(e) and (f)), the fracture mode changed again into brittle failure and a rapid decrease in ductility was accompanied. Similar phenomena were also observed by Baker and Gaydosh 13) in P/M Fe-40Al alloys with small additions of C and Zr alone or in combination with B, and Gaydosh et al. 14) in P/M Fe-Al alloys. They proposed that the ductility drop was due to grain boundary sliding and the onset of grain boundary cavitation. Similar argument may be applicable to the present alloys, since considerable cavitations were observed (Fig. 4) . Because the localized grain boundary deformation is diffusion-assisted, cavitation occurs more readily with increasing temperature. However, this characteristic behavior is likely to be observed only for P/M fabricated FeAl alloys. The ductility of FeAl alloys produced by IM method reported 10, 15, 16) showed a monotonic increase with temperature. The opposite trends in ductility at higher temperature between P/M and IM alloys could be attributed to grain sizes. The grain size of Fe-40Al alloy produced by IM is generally above 100 µm, while the grain size is several times small by P/M method, i.e., 20 µm reported by Gaydosh et al., 14) about 18 µm for Fe-40Al in the present work. The fine grain size of P/M alloys could enhance the grain boundary sliding and the onset of grain boundary cavipresent in Fe-40Al-3.5C alloy also contributed to cavitation, although the extent of this contribution is not clear at present.
Wear properties
In the present study, the wear rate of Fe-40Al-3.5C is lower than that of Fe-40Al at room temperature. The improved wear property is considered due to the presence of graphite in the carbon-added alloy, because graphite particle in matrix can serve as a solid lubricant source continuously supplying graphite to the surface. During sliding, the graphite is smeared out of the matrix to the surface, forming a smooth graphite layer (Fig. 6(b) ), and thus decreasing the metal-to-hard Al 2 O 3 ball contact and the wear rate. Similar results were reported in copper-graphite composite 17, 18) and aluminium-graphite composites. 19) In those works, the reduced friction due to the presence of graphite in the matrix was also reported.
The carbon addition did not have strong effect on the wear rate at elevated temperatures. The amount of graphite squeezed out of the matrix is likely to depend on the surface state, mechanical properties of the matrix, and the bonding strength between graphite and the matrix.
18) The graphite particles probably have weaker bond with the matrix at elevated temperatures. The detached graphite particles tended to be oxidized at elevated temperatures and eliminated from the specimen surface in a gas form. This implies the wear surface tation at high temperature. It seems that the graphite particles temperatures.
state of carbon-added alloy at elevated temperatures might be similar to the carbon-free one. In fact, the SEM observation (Figs. 6(c) and (d)) clearly indicates similar appearance of the two alloys, i.e., thin surface platelets and trace of their detachment.
It should be also noted that the wear rate showed a decrease with increasing temperature for both alloys. The wear at elevated temperatures probably originated by the delamination mechanism, [20] [21] [22] which can be inferred from the plates of wear debris (Figs. 7(c) and (d) ). The starting wear surfaces would be covered by thin oxide layers that were removed during the run-in period. When the test sample was under dry sliding wear, the heating helped atmospheric oxidation over the sliding surface to form thin oxide layer. Consequently, the oxide layer removed by repeated and multiple contacts during sliding, then wear debris of the oxide particles is generated. The wear debris got trapped between the sliding surfaces and is compacted into layers. Once the oxide layer was formed, it protected the matrix and reduced the wear rate.
Conclusions
(1) Carbon addition led to the formation of soft graphite in P/M Fe-40Al alloy prepared by the hot extrusion of gasatomized powders.
(2) The carbon addition reduced the ductile-brittle transition temperature of P/M Fe-40Al alloy and exhibited a beneficial effect on ductility, especially at elevated temperatures. The yield strength of P/M Fe-40Al alloy was less affected by the carbon addition.
(3) The carbon addition reduced the wear rate of P/M Fe40Al alloy at room temperature, which is attributed to the presence of graphite particles in the matrix. The carbon addition did not have significant effect on the wear rate at elevated
